VISUAL ABSTRACTDodd
SUMMARY
Hypoxia-inducible factor (HIF)-1a is essential following a myocardial infarction (MI), and diabetic patients have poorer prognosis post-MI. Could HIF-1a activation be abnormal in the diabetic heart, and could metabolism be causing this? Diabetic hearts had decreased HIF-1a protein following ischemia, and insulin-resistant cardiomyocytes had decreased HIF-1a-mediated signaling and adaptation to hypoxia. This was due to elevated fatty acid (FA) metabolism preventing HIF-1a protein stabilization. approved by the local ethics committee. Type 2 diabetes was induced as previously described (17, 18) , generating a mild model of the disease presenting with hyperglycemia, hyperinsulinemia, and hyperlipidemia (19 
(LI-COR).
QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION. Total RNA was extracted from cells using mini-RNeasy kit (Qiagen, Hilden, Germany), and cDNA was synthesized from the RNA using a high-capacity RNA-to-cDNA kit (Thermo Fisher Scientific, Waltham, Massachusetts). Primers were generated by searching PrimerBank for accession numbers of the following genes: Fih-1 NM_176958.3,
NM_173340.2, and vhl NM_009507.3 (PrimerBlast was used to check specificity, and sequences are listed in Supplemental Table 1 ). Phd1 is expressed at low levels in the heart, and could not be reliably measured (9) . cDNA (15 mg per well) were loaded and quantitative polymerase chain reaction amplification was performed using Power SYBR Green PCR Master
Mix and a Step-One Plus Real-Time PCR system (Thermo Fisher Scientific, Waltham, Massachusetts).
Relative gene expression was normalized to the geometric mean of the housekeeping genes: Rpl13a, Hmbs, and Hrpt1.
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Fatty Acids Prevent HIF-1a Signaling was used to measure maximal rates of oxygen consumption, and oligomycin (2 mmol/l) was used to measure ATP synthase-independent proton leak.
OIL-RED-O. Cells were washed and fixed with 4% paraformaldehyde, before being stained with oil-red-O (for neutral lipids) and DAPI (for nuclei) as described (26) . Quantification was performed by eluting the oil-red-O in 100% isopropanol and measuring absorbance at 492 nm. To account for cell number, absorbance was normalized to protein content using a bicinchoninic acid assay.
MEDIA METABOLITE MEASUREMENTS. An ABX Pentra 400 (Horiba ABX Diagnostics, Irvine, California) was used to measure media glucose and lactate concentrations, and to calculate glucose consumption and lactate efflux rates. Plasma nonesterified fatty acids (NEFA) were measured using a Randox NEFA kit (Randox Laboratories, Crumlin, County Antrim, United Kingdom).
METABOLOMIC ANALYSIS. Metabolites were extracted from frozen cardiac tissue using methanol-chloroform-water, and the aqueous phase was analyzed as previously described using liquid chromatography tandem-mass spectrometry (19) . Glycolytic and Krebs cycle metabolites were semiquantitatively assessed, by normalizing the peak intensity to a number of internal standards. Succinate concentrations were measured in cells using a colorimetric assay (Abcam, Cambridge, United Kingdom), normalized to protein. Dodd et al. 
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In the hypoxic IR cells succinate concentrations were decreased by 24% compared with hypoxic controls, which could be replicated by culturing hypoxic cells with palmitate or oleate.
Succinate could be derived from the malateaspartate shuttle utilizing glycolytic NADH, coupled to reverse Krebs cycle and succinate dehydrogenase activity (31) . To investigate whether this pathway was responsible for regulating HIF-1a stabilization in hypoxia, we pharmacologically inhibited multiple steps in this pathway. In hypoxia, inhibition of glycolysis using 2-deoxyglucose, inhibition of the malate-aspartate shuttle using phenylsuccinate or amino-oxyacetate, or inhibition of succinate dehydrogenase all decreased HIF-1a stabilization to a similar extent.
Thus, in hypoxia, succinate is derived from glycolysis driving malate-aspartate shuttle activity. FAs interfere with this process by suppressing glycolysis (Figure 4) and decreasing succinate concentrations ( Figure 5) . Dodd et al.
mechanism to improve post-ischemic recovery in type 2 diabetes. Type 2 diabetic rats were treated in vivo long term with the HIF hydroxylase inhibitor DMOG for 5 days, and after these 5 days, hearts were isolated, perfused, and challenged with ischemia ( Figure 6 ). There were no differences in cardiac function between groups at normal flow or during low-flow ischemia. Untreated diabetic hearts had a Figure 7) (31) . Here, we demonstrate that inhibition of any of these steps-glycolysis, malate-aspartate shuttle activity, or succinate dehydrogenase activity-is able to suppress HIF-1a stabilization in hypoxia. In the present study and previous findings, we have shown that glycolysis and lactate efflux during hypoxia are blunted by diabetes and insulin resistance, facilitated by increased FA metabolism (16, 19, 21) . This is mediated by FA-induced Randle cycle inhibition of key targets in glucose metabolism, which can be overcome by blocking FA metabolism (19, 34) . This FA-mediated decrease in glycolysis would result in decreased cytosolic NADH However, further basic research is required to confirm their repurposing for the diabetic heart.
